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Abstract

The use of nonequilibrium plasma generated by nanosecond discharges to ignite fuel/air
mixtures, known as transient plasma ignition (TPI), has been shown to effectively reduce
ignition delay and improve engine performance relative to spark ignition for combustion
engines. While this method is potentially useful for many engine applications, at present the
underlying physics are poorly understood. This work uses coherent anti-Stokes Raman
spectroscopy (CARS) to measure the rotational and vibrational excitation of nitrogen
molecules in the discharge afterglow in a variety of fuel/air mixtures outside the limits of
combustion in order to elucidate the thermal behaviour of TPI. The time evolution of relative
populations of vibrationally excited states of nitrogen in the electronic ground state are
reported for each gas mixture; it is shown that generation of these vibrationally excited states
is inefficient during the discharge in air but that generation occurs at a high rate roughly 5 us
following the discharge; with the addition of fuels vibrationally excited states are observed
during the discharge but an increase in population is still seen at 5 us. Possible mechanisms
for this behaviour are discussed. In addition, rotational temperature increases of at least 500 K
are reported for all gas mixtures. The effect of this temperature increase on ignition, reaction

rates, and thermal energy pathways are discussed.

(Some figures may appear in colour only in the online journal)

1. Introduction and background

The application to an electrode gap of a very short duration
electrical pulse of much greater amplitude than the gas
breakdown voltage results in streamer discharge. The use of
these streamers for ignition in combustion engines, or transient
plasma ignition (TPI), holds great promise for improving
combustion engines. To date, TPI has been tested in a variety
of different ignition regimes, including pulsed detonation
engines (PDEs) and automobile engines, with experiments
demonstrating TPI to decrease ignition delay, increase flame
speed, allow ignition of leaner mixtures, and increase the

0022-3727/12/495401+08$33.00

rate of heat release in comparison to standard spark gap or
arc ignition methods [1-4]. Decreased ignition delay and
increased flame speed are essential for effective operation of
PDEs, while increasing heat release and allowing ignition
of leaner mixtures improves the efficiency and thus the fuel
economy of automobile engines. Furthermore, the technology
is well developed with mature pulse generation technology
having been successfully implemented into test engines [4-6].

Lagging behind the implementation and characterization
of TPI in engines, however, is a detailed understanding
of how the technology enhances combustion. Although
TPI was initially assumed to be a primarily volumetric

© 2012 IOP Publishing Ltd  Printed in the UK & the USA
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Figure 1. Voltage and current traces for the discharge in air.

effect, experimental work has shown TPI induces ignition
in a spatially inhomogeneous manner, with combustion
improvements independent from electrode volume [5,7, 8].
The physics and chemistry of TPI are key to developing
a predictive understanding of the technology and allowing
engine design to fully utilize its potential to enhance
combustion.

It is to this end that we here report coherent anti-Stokes
Raman spectroscopy (CARS) measurements of vibrational
populations and rotational temperatures of N, in the afterglow
of streamer discharge in fuel/air mixtures outside the limits
of combustion. These measurements elucidate energy transfer
through the discharge as well as place upper limits on thermal
energy deposition into the gas mixture.

2. Experiment

The experimental setup for these studies consists of a pulse
generator and electrodes integrated into a flow-through pre-
mixed gas system coupled to optical systems for conducting
CARS and discharge emission imaging. A high voltage
pulse generator nearly identical to that described in [5]
was used for these experiments, with the silicon-controlled
rectifier (SCR) replaced by a bank of commercial insulated-
gate bipolar transistors (IGBTs) in parallel for the purposes
of timing precision and repetition rate; the pulse-forming
network was otherwise unchanged. This pulse generator
produces a Gaussian-like voltage waveform (20ns FWHM)
with a controllable amplitude of 10—60 kV. Voltage and current
traces of the discharge in air are shown in figure 1, with a
Northstar PVM-5 voltage probe (80 MHz bandwidth) and a
Pearson 6223 current probe used to record them on a LeCroy
WavePro 725Zi oscilloscope. All data was recorded at a
pulse repetition frequency of 10 Hz to match the optimal laser
repetition rate.

TPI electrodes have traditionally used a coaxial design
with a centre threaded rod high voltage anode and an outer
grounded cathode due to the cylindrical symmetry inherent to
most engine applications [1-3]. A fully three dimensional,
multi-streamer electrode geometry, however, is problematic

CARS ROl — @
[250um x
250um)

Grounded Cathode

Figure 2. Image of discharge showing electrodes and spatial ROI,
fitted around typical 250 pum streamer width near HV anode.

for laser-based diagnostics, especially for point measurements,
and thus the electrodes were modified to a point-to-plane
geometry for the purposes of these experiments, with a
stainless steel needle with tip curvature of radius 75 um as
the high voltage anode and the sintered bronze surface of a
McKenna burner (fabricated by Holthius and Associates) as
the grounded cathode. Current was monitored using a Pearson
6223 current probe in line with the high voltage cable supplying
the anode. The 8 mm gap used in previous TPI experiments
was retained for the point-to-plane geometry. As previous
experiments have demonstrated that ignition occurs in the
region of high E /N near the anode, CARS measurements were
made directly below the anode tip, as shown in figure 2 [8].
This region of interest (ROI) was chosen because the discharge
was measured to be roughly 250 um wide directly below the
anode.

Gas compositions and flow rates were maintained with
Tylan mass flow controllers. Flow rate was regulated to
produce a gas speed of 10 cms~! to ensure complete recycling
of gas volume in the discharge from shot to shot at 10Hz
while maintaining a quasi-quiescent environment. A McKenna
burner with a sintered bronze circular burner of radius 3 cm was
used to deliver a pre-mixed gas flow to the discharge region
as well as serve as the grounded anode for the discharge; the
needle anode was mounted 8 mm above the centre of the burner
in order to isolate it from the edge of the flow and eliminate
the need for a nitrogen co-flow. For all gas mixtures filtered
facility compressed air was used to minimize moisture content.
Ethylene (C,Hj), methane (CH4) and propane (Cs;Hg), of
purity 99.985%, 99.99% and 99.99%, respectively, were used
for fuel/air mixtures. These fuels were chosen for comparison
with previous TPI experiments [5-8]. The equivalence ratio
of gas mixtures was chosen to be just outside of limits of flame
stabilization for this system, with an extra point at half the lean
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limit, in order to simulate the conditions of ignition without
introducing the complication of unquenched combustion chain
reactions and flame development. The fuel lean and rich limits
were determined experimentally specifically for this setup.

Images of the discharge were taken using a Princeton
Instruments PI-Max3 ICCD camera with a Nikon Nikkor
50mm f/2.8 macro lens. The emission from the discharge
is predominantly due to the nitrogen second positive system
(No(C3I,) — Ny(B 3I'Ig)), with the camera recording this
emission in the range of 330-450 nm.

This work utilizes the unstable-resonator enhanced spatial
detection (USED) CARS phase matching geometry [9]. While
the spatial resolution of this approach (~2-3 mm) is less than
that for folded BOXCARS, it is sufficient to achieve the
objectives of this study, as will be described below. In the
current arrangement, an Ekspla SL.-333 Nd:YAG Laser, with
maximum output of 125 mJ at 532 nm and pulse duration of
~150 ps, was used to generate the pump/probe beam for CARS
mixing as well as pump the in-house fabricated modeless dye
laser (patterned after Roy ef al [10, 11]), which was used to
generate the broadband Stokes beam. An Andor Shamrock 750
0.75 m spectrograph equipped with an Andor Newton electron
multiplying CCD camera collected the CARS signal and non-
resonant background. A more complete description of this
setup may be found in [12]. For all CARS measurements
reported, averages from 200 laser shots were used to increase
the signal-to-noise ratio.

The time delay between the discharge and the laser was
adjusted by triggering the system with a Stanford Research
Systems DG-645 digital delay generator and varying the
trigger delay between the laser and pulse generator. The
delay was measured by simultaneously using a ThorLabs
DET10A photodiode to collect laser scattering and monitoring
the discharge current; the beginning of the current rise was
specified as t = O for all work presented here. Every discharge
event was probed by the laser only once as the heat deposition at
such a high laser energy density would fundamentally alter the
gas kinetics downstream in time; thus every time delay was
measured in a separate discharge event and time sequences
were constructed from the data in post processing rather than
in real time.

The lasers were passed through the electrode gap directly
beneath the anode. The position of the burner/electrode with
respect to the laser beams was maintained with a three axis
Newport MM300 motion controller/driver. The height of the
beam with respect to the electrode was varied so that it could
be as close to the electrode as possible without producing
measurable scattering from the tip. The width of the beams
passing through the discharge region are ~100 um. In order
to limit the signal generation to the discharge volume, the
vibrational ground state of nitrogen was not used; only data
from the excited vibrational states were taken into account,
as these states are virtually nonexistent at room temperature.
Thus, while the CARS probe region was ~2-3 mm in length
along the propagation axis, only the 250 um-wide volume
of the discharge channel is taken into consideration, as only
this region contains the excited vibrational states (though it is
thus implicitly assumed that the temperature in probe region
is uniform). The spectral ROI is shown in figure 3.

v=0

Intensity (A.U.)

v=1
v=2

2290 2300 2310 2320 2330

Raman Shift (cm™)

2270 2280 2340

Figure 3. Raw CARS spectrum for air showing vibrational peaks.
The shaded region is the spectral ROL.

The spectra, collected over 200 laser shots, must be
divided by a non-resonant background spectrum measured in
argon for each shot, to account for variation in the Stokes
laser profile, and the square-root must be taken, to account
for the quadratic dependence of CARS intensity on number
density. After this, CARS spectra were analysed in two
different ways. First, the signal for each ro-vibrational band
was integrated over its spectral region in order obtain a relative
population of vibrationally excited states with respect to time.
Second, synthetic CARS spectra for each ro-vibrational band
were calculated and least-squares fit to the measured spectra,
with the rotational temperature as the fitting parameter. For
each data point 200 spectra were fitted and the resulting
temperatures were averaged together. As the measured
CARS spectra contained etalons due to interference on the
quartz walls of the laser dye cuvettes, the synthetic spectra
also included a Fabry-Perot term as well as an empirically
determined instrument broadening width of 1.4 cm~'. Doppler
and pressure broadening were determined to be negligible
at these conditions compared to instrument broadening and
were thus included in the instrument term. Generated and
fitted spectra are shown in figure 4 for comparison. For this
measurement at 200 us delay, temperature was determined to
fit best at 1000 £ 200K with uncertainty determined by a
combination of statistics based on the standard deviation of
shot to shot variation and the quality of fit based on linear
regression.

3. Results

Before optical measurements may be reported, it is necessary
to fully characterize the discharge. Voltage and current traces
were recorded and analysed for each gas mixture to quantify
any changes in the electrode impedance. Despite noticeable
macroscopic differences in different mixtures—the discharge
pulses in richer mixtures were audibly louder than those in
leaner mixtures for all three fuels—the measured electrical
characteristics remained essentially identical with no more
than 5% variation between any two mixtures in pulse width,
peak current, peak voltage and energy delivered. Images



J. Phys. D: Appl. Phys. 45 (2012) 495401

S J Pendleton et al

~ 01| ——t=200us
= Calculated 700K
< o5l Calculated 900K
2 Calculated 1100K
0 Calculated 1300K
S o064 Calculated 1500K
=
T
N 0.4-
©
£
5 0.2
Z
[ e A
2280 2290 2300

Raman Shift (cm™)

Figure 4. Measured (air) and calculated CARS spectra
corresponding to 1000 K temperature fit.

were taken of the discharge in each mixture; in contrast to
the relatively unaltered electrical input, the images bear out
marked differences in streamer development with increased
branching and decreased filament size with the addition of fuels
as shown in figures 5-7. For example, for a rich mixture with a
CHy/air equivalence ratio of ® = 1.2, discharge branching has
increased by a factor of roughly 10 with respect to air, similar
to the increased branching observed in an equivalent discharge
in pure nitrogen. The stability of the & = 1.2 mixture with
CH,4 was actually so poor that the addition of the CARS probe
laser energy initiated breakdown and transition to arc and thus
CARS was not performed for this mixture.

The results of CARS measurements in air for vibrationally
excited N (X 12;) are shown in figure 8. The v = 1
population is large enough to infer the temporal behaviour
of this species. On the other hand the v = 2 signal,
while observable, is too weak to extract accurate vibrational
temperature, due to the very poor signal-to-noise ratio of
this spectral feature. Typical minor fluctuations observed
in the v = 2 intensity resulted in an inferred vibrational
temperature range of thousands to tens of thousands of Kelvin
for the conditions of this experiment. These deviations are too
large to be physical; for this reason, we will report only the
relative populations of v = 1 in fuel/air mixtures. Of note
in air measurements is that the v = 1 signal is very weak
until ~ 2 us after the discharge, indicating that vibrational
excitation through direct electron impact in the discharge is
negligible. This will be discussed at greater length below.

The v = 1 populations with C,Hy/, CHy4/, and C3;Hg/air
mixtures are shown in figures 9, 10 and 11, respectively.
For the purposes of clarity uncertainty is shown only on a
single point for each time sequence; the uncertainty displayed
is the standard deviation of the mean taken from 200 shots
and is comparable to that observed for all points in the given
sequence. The & = 1.2 mixture with CH, is omitted due
to its instability under laser probing as previously mentioned.
Like air the fuel/air mixtures exhibit an increase in v = 1
population at roughly 5 us after the discharge, though the
signal immediately after the discharge varies between fuel type.

Figure 5. Images of the discharge in (a) air, ® = 0; (b) C,H,4,
® = 0.25; (c¢) C,Hy, @ = 0.5; (d) C,Hy, © = 2.4. The ICCD gate
was 3 ns.

Figure 6. Images of the discharge in (a) air, ® = 0; (b) CHy,
® = 0.3; (¢c) CHy, ® = 0.6; (d) CHy, ® = 1.2. The ICCD gate
was 3 ns.

Figure 7. Images of the discharge in (a) air, ® = 0; (b) C;Hg,
® = 0.4; (¢c) C3Hg, @ = 0.8; (d) C3Hg, ® = 2.1. The ICCD gate
was 3 ns.

Where the v = 1 band displayed a signal-to-noise ratio
of greater than unity, rotational temperatures were extracted;
when this criterion was not met the uncertainty in temperature
was greater than the fitted value. An example of this temporal
overlap is shown in air in figure 12. The temperatures for
C,Hy/, CHy/, and C3;Hg/air mixtures are shown in figures 13,
14 and 15, respectively. Note that the data points have been
slightly offset from each other in time to avoid confusion
from overlap, but they were measured at the same time
points. As with the vibrational populations, uncertainty (here
representing the standard deviation of the mean combined with
least squares quality of fit) has been omitted except for a single
point in each sequence for clarity, but the uncertainty plotted
is comparable with that observed for the entire sequence.
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Figure 11. CARS measurements of vibrationally excited
N, (X 'Z}) in C3Hg/air mixtures.

4. Discussion

This work highlights the importance of optical diagnostics for
TPI, especially for engine implementation. Based solely on
electrical diagnostics of the discharge, gas composition has a
negligible effect with energy input, voltage, and current all
varying by less than 5%. This is reasonable as even with
rich mixtures fuels comprise only 4-6% of the gas by mass
and are not as active electrically in a discharge due to their
relatively high ionization potential; thus, a great change in
breakdown impedance is unexpected. Optical experiments
bear out, however, that though the amount of energy deposited
may remain fairly constant, the energy pathways differ greatly
with small changes to the gas composition and that these
changes depend on concentration as well as the chemistry of
the introduced molecules.

Characterization of the discharge through ICCD imaging
exhibits spatial and temporal changes resulting from the
addition of fuel. Given enough of any fuel in the mixture
the branching will increase and filament diameter will
subsequently decrease (figures 5—7). CHy/air mixtures exhibit
this increased branching, however, with only a small amount
of CHy in the gas. The same behaviour is seen in pure nitrogen
discharges; somehow the fuels offset the effect of oxygen
on the discharge front allowing multiple spatially distinct
filaments.

When examining the CARS vibrational population data,
the most striking result is the lack of measurable vibrationally
excited N, (X 12; ) during the discharge (i.e. within the time
when current is nonzero or + < 40ns for the present
conditions) for air, signifying a vibrational temperature close
to the ambient value (figure 8). This is in direct contrast to
vibrational excitation of the N, (C 3I1,) state, which exhibits
high vibrational temperatures on the order of 3000 K during
the discharge [13—15]. The delay in vibrational excitation
of nitrogen corresponds to the flow moving only 100nm
downstream and the time scale of a few microseconds is too
quick for such a large population to diffuse into the ROI; thus
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spatial anomalies may be ruled out as a cause of this behaviour.
It is clear that in air direct vibrational excitation by electron
impact is minimal, whereas vibronic excitation is relatively
efficient by the same process. In the case of air, the eventual
decay of the vibrational excitation signal at 2.5 ms corresponds
with the initial discharge volume being completely displaced
from the ROI by the gas flow, so conclusions about the
vibrational lifetime cannot be made in air other than setting
a minimum at 2.5 ms.

The addition of fuels alters this chemistry, but the change
depends on the specific fuel (figures 9—11). Both C,Hy/air and
CHy/air mixtures at all equivalence ratios display the presence
of vibrationally excited nitrogen during the discharge and in
the immediate afterglow, with CHy/air mixtures showing an
initial spike and quick decay within a few nanoseconds, though
not to the levels of air at the equivalent time. In C;Hg/air
mixtures vibrational excitation is produced immediately in the
discharge with no decay seen in the immediate afterglow; it
is also particular to C3;Hg/air mixtures that the shot-to-shot
variation of vibrational excitation is much greater than in other
gas mixtures while the energy input variation remains low;
the variational sensitivity is increased in C3Hg/air along with
the initial production of vibrational excitation. Of note is that
none of these vibrational increases are monotonic with the
increase of the amount of fuel in the mixture; the C,Hy/air
and Cs;Hg/air mixtures exhibit the greatest change from pure
air in the case where they are just below the lean limit of
flame stabilization. The mixtures for these fuels above the
rich limit exhibit behaviour closer to air, suggesting some sort
of threshold effect on the facilitation by fuel molecules of direct
electron impact vibrational excitation.

While the fuel/air mixtures exhibit different behaviour
vis-a-vis nitrogen vibrational excitation in the discharge and
immediate afterglow, they all exhibit an increase in v = 1
population at 1-10 us of at least 50% in the case of rich
C3Hg/air mixtures and more than a 100% increase for all
other mixtures. As this increase is consistent in time with
pure air, this suggests that the rise of vibrationally excited
nitrogen observed from 1-10 us is due to collisional energy
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transfer processes. Preliminary experiments in a pure nitrogen
low pressure environment suggest that the effect is likely due
to processes such as Ny (A*X) + Np(A3X) — Np(C3I) +
N> (X '®, v) [16,17]. In addition, recombination of atomic
nitrogen could also contribute to the observed post-discharge
increase in vibrational excitation, but for recombination to
occur on this time scale would require ~10% nitrogen
dissociation in the discharge [18]. This rate of dissociation is
highly unlikely given the low electron impact dissociation cross
section below 15eV; recent experiments measuring oxygen
dissociation in this discharge cap the dissociation fraction
for oxygen at 8% of molecules, and as the cross section for
electron impact dissociation in this energy regime is roughly
two orders of magnitude greater for oxygen than nitrogen,
it is not possible for nitrogen to meet or exceed oxygen’s
dissociation rate [19, 20].

Another notable consistency across fuel/air mixtures is
the decreased lifetime of vibrational excitation with respect
to air, with the vibrational excitation disappearing by 1 ms.
Flow displacement is ruled out as the mechanism for the signal
decay, as the decay at this time is only observed in fuel/air
mixtures, signifying that fuel molecules quench vibrational
states of nitrogen at a rate that monotonically increases with
concentration regardless of fuel type.

Rotational temperatures are observed to be significantly
above ambient for all mixtures (figures 13—15). In pure air
(no fuel) local rotational temperature reaches approximately
1100K, corresponding to approximately 17 uJ of heat, or
0.4% of the discharge energy, being deposited into the ROI.
If the ROI is extrapolated as a cylinder of diameter 250 pJ
straight down from the anode along the 8 mm length of the
discharge to the cathode, assuming a uniform temperature
increase throughout this cylinder results in a total thermal
energy deposition of the discharge of roughly 540 uJ, or 12%
of the electrical pulse energy input. This is an upper bound on
thermal energy input, as the energy input outside of the ROI
must be less than that within the ROl due do alower E /N away
from the HV anode; this is evidenced by reduced emission
intensity outside the ROI as well as the absence of ignition
away from the electrode in combustion experiments [8].

In the case of CHy/air mixtures, rotational temperature
remains within 10% of pure air at the same time points, within
the bounds of uncertainty. C,Hy/air and CsHg/air mixtures
experience significant increases with temperatures nearly 50%
higher, seemingly independent of fuel concentration. For
all fuel/air temperature data it appears that heat is generated
immediately after the discharge and decreases monotonically
on the microsecond-to-millisecond time scale, but does not
reach ambient temperature before the gas is recycled with
fresh unheated gas. The exponential decay time constant was
fitted for each temperature sequence and ranged from 50 us to
1.5 ms, with the mean falling at roughly 1 ms, corresponding
to a temperature half life of 1.4 ms. In addition, the upper limit
of thermal energy deposition for rich C;Hy/air and C3;Hg/air
mixtures, making the same assumptions as for air, is 840 uJ or
16% of total energy deposition into the discharge. This upper
limit is most likely a greater overestimate than for the case of
air, as the greater branching and thinner filament diameter in

the discharge in rich fuel/air mixtures, as seen in figures 5-7,
renders the assumption of constant streamer cross-sectional
area void.

It is unlikely that electron impact would directly excite
rotational levels in air given the relatively low excitation of
vibrational levels by this process and the comparatively low
cross section for the process [21]. Thus, the heat increase
from air most likely comes from fast gas heating in the
discharge afterglow due to incremental energy release in
the decay and recombination of active species, with heating
occurring sometime before 5 us after the discharge based on
measured temperatures. For the case of fuel/air mixtures,
either direct electron impact excitation of rotational levels
or ion recombination could account for such fast increases
in temperature on the order of ns. Direct electron impact
ro-vibrational excitation would be an immediate result of a
lowering of the effective E/N to below 100 Td where such
populating becomes more efficient, while ion recombination-
based heating would require E/N on the order of 1000 Td
or higher. It is much more likely that the presence of
hydrocarbons draws energy from the discharge and thus
effectively lowers E /N, given the low ion presence observed
through emission spectroscopy in these discharges [14] as
well as the presence of significant amounts of vibrational
population, which is not a result of ion recombination.

The role of heat deposition in ignition of fuel/air mixtures
by streamer discharge remains somewhat uncertain even in
light of these temperature measurements. The estimates of the
upper limit on thermal energy deposition into the discharge
allow for ignition of C;Hy and C3Hg by the same thermal
mechanisms seen in spark ignition; the estimated total 675 pJ
of thermal energy deposition into both is well above the 100 pJ
and 300 pJ minimum energy requirements for C;Hy and C3Hg,
respectively [22]. In the case of CHy, the estimated 540 pJ is
also greater than the 470 uJ minimum requirement reported
for this fuel. Caution should be used when drawing the
conclusion that streamers cause thermal ignition, however, as
the estimates on the upper limits of thermal energy deposition
required the assumption of temperature uniformity throughout
the discharge as well as a cylindrical volume. In addition,
the minimum energy requirements for spark ignition depend
on a discharge volume that is within the quenching distance
of a generated flame kernel (on the order of 1 mm for the
fuels used in this work); the streamer discharge uses a much
larger electrode gap. In order to bypass these assumptions
and volume mismatches it makes sense to compare the energy
densities of the two processes. Inthe case of CHy, the deposited
thermal energy density of the ROI measured in this work is
1080 mJ cm™3, whereas the required deposited thermal energy
density for spark ignition is 470 mJcm™3. For both C,H,
and C3;Hg, the measured deposited thermal energy densities
are 1700mJcm™3, well above the required thermal energy
densities of 100 mJ cm ™3 and 300 mJ cm 3 for C,H4 and C3Hg,
respectively. So while the thermal energy density is certainly
high enough to ignite these fuel/air mixtures at stoichiometric
conditions (® = 1), it remains unclear whether the total
deposited thermal energy is large enough to overcome thermal
losses and produce a flame kernel that will expand beyond its
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quenching radius. Further complicating the analysis are the
effects of reactive species such as radicals that are produced in
streamer discharge, which should allow ignition to occur with
less total thermal energy input. These effects are not easily
quantifiable based on available data.

5. Conclusion

The results of a comprehensive set of broadband picosecond
coherent anti-Stokes Raman scattering measurements, describ-
ing the temporal evolution of vibrational and rotational excita-
tion of N, in quasi-quiescent C,Hy/air, CHy/air, and C3Hg/air
mixtures outside the limits of combustion, were presented and
analysed for a point-to-plane nanosecond streamer discharge
similar to that used for transient plasma ignition. It was shown
that direct electron impact vibrational excitation of nitrogen
is relatively inefficient in this discharge in air, but in fuel/air
mixtures electron impact accounts for roughly half of vibra-
tional excitation of nitrogen. In all mixtures an intermediate
process was demonstrated to generate vibrationally excited ni-
trogen at roughly 5 us after the discharge, accounting for all
vibrationally excited nitrogen in pure air and up to 50% of
peak vibrationally excited nitrogen in fuel/air discharges; be-
cause this intermediate process occurs for both air and fuel/air
mixtures, it is clear that the process results from the presence
of nitrogen or oxygen or both. Further measurements in pure
nitrogen could determine if the process depends on nitrogen
or oxygen alone or some combination thereof. Temperature
increases of 800K in air and CHy/air mixtures and 1300 K
in C,Hy/air and C3Hg/air mixtures were observed; this corre-
sponds respectively to upper limits of 10% and 16% of dis-
charge energy deposited into thermal energy in a small region
near the high voltage anode. These temperatures correspond
to energy densities greater than the respective minimum value
required for thermal ignition, but it remains unclear whether a
sufficiently large volume is heated for purely thermal ignition
to occur. Further experiments are necessary to quantify spatial
temperature distribution as well as the production of reactive
species such as oxygen atoms in order to better understand the
physics and chemistry of TPIL
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